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(54) Doping of nanostructures

(57) The present invention provides a catalyst parti-
cle (11) for use in growth of elongated nanostructures
(12) such as e.g. nanowires. The catalyst particle (11)
comprises a catalyst compound for catalysing growth of
an elongated nanostructure (12) comprising a nanostruc-
ture material without substantially dissolving in the na-
nostructure material and at least one dopant element for
doping the elongated nanostructure (12) during growth
by substantially completely dissolving in the nanostruc-
ture material. Furthermore, the present invention pro-
vides a method for forming an elongated nanostructure
(12), e.g. nanowire, on a substrate (10) using the catalyst
particle (11) according to embodiments of the invention.
The method allows controlling dopant concentration in
the elongated nanostructures (12), e.g. nanowires. Fur-
thermore, according to embodiments of the invention,
the method allows obtaining elongated nanostructures
(12) with a low dopant concentration of lower than 1017

atoms/cm3.
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Description

Technical field of the invention

�[0001] The present invention relates to growth and
doping of nanostructures, e.g. nanowires. More particu-
larly the present invention relates to a catalyst particle
comprising a catalyst compound and at least one dopant
element, to a method for forming elongated nanostruc-
tures using such a catalyst particle, to doped elongated
nanostructures formed by the method according to em-
bodiments of the invention and to devices comprising
such doped elongated nanostructures.

Background of the invention

�[0002] In the field of molecular nano- �electronics, sem-
iconductor nano-�crystals, nanowires (NWs) and carbon
nanotubes (CNTs) are becoming more and more impor-
tant as components for various electronic devices. These
NWs and CNTs are unique for their size, shape and phys-
ical properties and have, depending on their electrical
characteristics, been used in electronic devices such as
e.g. diodes and transistors. Although a lot of progress
has been made on both fabrication and understanding
of the limits of performance of these NWs and CNTs,
there are still key issues to be addressed for potential
technological applications. For example, there are still
important limitations in processes for doping the NWs
and CNTs, which would be required when incorporating
such NWs or CNTs in various electronic devices.
�[0003] Synthesis and doping of p- and n- �type germa-
nium (Ge) NWs using gas-�phase dopants such as phos-
phine and diborane has been demonstrated by Greytak
et al. in "Appl. Phys. Lett. 84 (21), 2004, p. 4176". Intrinsic
growth of Ge NWs from gold nanoclusters is initiated at
320°C and 500 Torr using 1.5% germane (GeH4) in an
atmosphere of hydrogen (H2). Elongation of the NW
structures is carried out at a reduced temperature of
285°C. After growth, the NW surfaces are doped at 380°C
with either phosphine or diborane in the absence of ger-
mane. The doping conditions are chosen to produce a
self- �limited layer of activated dopant atoms as estimated
from atomic-�layer-�doping studies on planar SiGe. How-
ever, with the method described above it is difficult to
control the dopant concentration and it may be difficult
to obtain low dopant concentrations of lower than 1017

atoms/cm3 in the NWs.
�[0004] In US 2006/0234519 A1 plasma ion implanta-
tion immersion (PIII) is used to dope nanowires and other
nano element-�based devices on substrates. For exam-
ple, a method for doping portions of at least one nanowire
on a specimen is disclosed which generally comprises
enclosing the specimen in a chamber, wherein the spec-
imen includes at least one nanowire thereon having at
least one exposed portion, coupling an electrical potential
to the specimen; and sourcing a plasma into the chamber,
the plasma including ions of a doping material whereby

the ions from the plasma implant the at least one exposed
portion of the at least one nanowire. However, doping of
the nanowires is not performed during growth and thus
is difficult to control. This is because it is difficult to implant
the whole length of the nanowires due to geometry limi-
tations (small diameter in the order of a few nm and high
aspect ratio).
�[0005] Dilts et al. (Materials Research Society Sympo-
sium Proceedings Vol. 832, 2005, pp. 287-292) fabricat-
ed high density boron-�doped silicon NW arrays within
pores of anodized alumina membranes using vapor- �liq-
uid-�solid (VLS) growth. Boron-�doped silicon NWs were
synthesized within the pores by VLS growth using silane
(SiH4) and trimethylboron (TMB) gas sources. Cui et al.
(The Journal of Physical Chemistry, Volume 104,
Number 22, June 8, 2000) described the use of laser
catalytic growth to controllably introduce either boron or
phosphorus dopants during the vapor phase growth of
silicon NWs.
�[0006] However, adding dopant gases such as trimeth-
ylboron (TMB) gas to the reaction chamber can cause
deformation of the catalyst particle used to catalyse NW
growth. Deformation of the catalyst particle may have an
effect on the diameter of the nanowire and may, for ex-
ample, lead to a higher diameter than was required. Fur-
thermore, it is difficult to control the dopant concentration
and to obtain low dopant concentrations of lower than
1017 in the nanowire.

Summary of the invention

�[0007] It is an object of the present invention to provide
good catalyst particles and a good method for forming
doped elongated nanostructures, e.g. nanowires, using
such catalyst particles.
�[0008] By use of catalyst particles and of the method
according to embodiments of the present invention elon-
gated nanostructures, e.g. nanowires, may be obtained
with a dopant concentration of lower than 1017 at-
oms/cm3.
�[0009] Furthermore, the use of catalyst particles and
of the method according to embodiments of the present
invention makes it possible to control dopant concentra-
tion of the elongated nanostructure, e.g. nanowire,
throughout the elongated nanostructure, e.g. nanowire.
�[0010] Moreover, the use of catalyst particles and of
the method according to embodiments of the present in-
vention allows forming elongated nanostructures, e.g.
nanowires, having a dopant concentration profile or a
variation of dopant concentration along their length.
�[0011] The use of catalyst particles and the method
according to embodiments of the present invention may
lead to elongated nanostructures, e.g. nanowires, which
are uniformly doped and wherein the dopant has no in-
fluence on physical properties, such as e.g. diameter, of
the elongated nanostructure, e.g. nanowire.
�[0012] The above objective is accomplished by a meth-
od and device according to the present invention.
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�[0013] In a first aspect of the invention, a catalyst par-
ticle is provided. The catalyst particle comprises: �

- a catalyst compound for catalysing growth of an elon-
gated nanostructure comprising a nanostructure ma-
terial without substantially dissolving or without sig-
nificantly dissolving in the nanostructure material,
and

- at least one dopant element for doping the elongated
nanostructure during growth by substantially com-
pletely dissolving in the nanostructure material.

�[0014] With "without substantially dissolving" is meant
that less than 1 % of the catalyst compound dissolves
into the nanostructure material, more preferred at most
a few atoms dissolve. With "substantially completely dis-
solving" is meant that more than 90% of the at least one
dopant element, preferably more than 95% of the at least
one dopant element and more preferably more than 99%
of the at least one dopant element is dissolved in the
elongated nanostructure obtained.
�[0015] The catalyst compound may comprise at least
one catalyst compound element. According to embodi-
ments of the invention, the catalyst compound and the
at least one dopant element may comprise different ele-
ments.
�[0016] According to embodiments of the invention, the
catalyst particle may comprise more than one dopant el-
ement.
�[0017] The at least one dopant element may have a
high solubility in the elongated nanostructure, e.g. na-
nowire. Most preferred, the solubility of the dopant ele-
ment in the nanostructure material may be in the order
of at least a solubility of 1019 atoms/cm3 or higher, pref-
erably a solubility of 1020 atoms/cm3 or higher and most
preferably a solubility of 1021 atoms/cm3 or higher.
�[0018] The catalyst compound comprising at least one
catalyst element may have a low solubility in the material
of the nanostructure. Most preferred, the solubility of the
catalyst compound in the nanostructure material may be
in the order of a solubility of 1018 atoms/cm3 or lower,
more preferably a solubility of 1016 atoms/cm3 or lower,
still more preferably a solubility of 1014 atoms/cm3 or low-
er and most preferably a solubility of 1012 atoms/cm3 or
lower.
�[0019] Most preferred, the solubility of the at least one
dopant element in the nanostructure material may be at
least one order of magnitude higher than the solubility of
the catalyst compound in the nanostructure material.
�[0020] The catalyst compound, the at least one dopant
element and the nanostructure material may preferably
have a low eutectic temperature of 600°C or lower.
�[0021] According to embodiments of the invention, the
catalyst compound may comprise at least one catalyst
element selected from In, TI, Au, Zn, Bi, Co or Ni.
�[0022] According to embodiments of the invention, the
at least one dopant element may be a p-�type dopant el-
ement. Preferably, the p-�type dopant element may com-

prise one of B, Al, Ga, Mg, Zn, Be, Sr, Ba or C.
�[0023] According to other embodiments, the at least
one dopant element may be an n-�type dopant element.
Preferably, the n-�type dopant element may comprise one
of Li, Sb, As, P, Si, Ge, S, Sn or Te.
�[0024] Preferably, the elongated nanostructure may
be a nanowire, preferably a semiconductor nanowire. Ac-
cording to embodiments of the invention, the semicon-
ductor nanowire may comprise a semiconductor material
comprising at least one of a group IV element (such as
Si, Ge) or a binary compound thereof (e.g. SiGe), a group
III element (such as B, Al, Ga, In, TI) or group V element
(such as N, P, As, Sb) and binary, tertiary or quaternary
compounds thereof, a group II element (such as Cd, Zn)
or a group VI element (such as O, S, Se, Te) and binary,
tertiary or quaternary compounds thereof.
�[0025] According to most preferred embodiments, the
semiconductor nanowire may comprise a semiconductor
material comprising at least one of silicon (Si), germani-
um (Ge) or silicon- �germanium (SiGe). The dopant ele-
ment may be a p- �type dopant comprising at least one of
B or Al or may be an n-�type dopant element comprising
at least one of Li, Sb, P or As. The catalyst compound
may, for example, be selected from a suitable material
to catalyze vapour- �liquid- �solid (VLS) growth such as In,
TI, Au, Zn, Te and Bi.
�[0026] The present invention also provides the use of
catalyst particles according to embodiments of the inven-
tion in growth processes of doped elongated nanostruc-
tures, e.g. nanowires.
�[0027] The present invention furthermore provides the
use of catalyst particles according to embodiments of the
invention in manufacturing of devices comprising doped
elongated nanostructures, e.g. nanowires. The devices
may be, for example, semiconductor devices, sensors,
micro-�electro-�mechanical systems (MEMS), ....
�[0028] In a further aspect of the invention, a method is
provided for forming at least one doped elongated na-
nostructure, e.g. nanowire, on a substrate. The method
comprises:�

- providing at least one catalyst particle on the sub-
strate, the catalyst particle comprising a catalyst
compound and at least one dopant element, and

- growing the at least one elongated nanostructure,
e.g. nanowire, comprising a nanostructure material
from the at least one catalyst particle,� hereby using
the catalyst compound for catalysing growth of the
at least one elongated nanostructure without sub-
stantially dissolving in the nanostructure material,
and the at least one dopant element for doping the
at least one elongated nanostructure, e.g. nanowire,
during growth by substantially completely dissolving
in the nanostructure material.

�[0029] The method according to embodiments of the
invention may lead to elongated nanostructures, e.g. na-
nowires, which are homogeneously doped, i.e. doped
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such that the at least one dopant element are dispersed
in a microscopically homogeneous manner. This means
that atoms of the at least one dopant element are homo-
geneously distributed in the finite volume of the elongated
nanostructure.
�[0030] The catalyst compound may comprise at least
one catalyst element. Providing the catalyst particle may,
according to embodiments of the invention, be performed
such that the catalyst compound and the at least one
dopant element comprise different elements. The cata-
lyst compound may have a solubility in the nanostructure
material of 1018 atoms/cm3 or lower, more preferably a
solubility of 1016 atoms/cm3 or lower, still more preferably
a solubility of 1014 atoms/cm3 and most preferably a sol-
ubility of 1012 atoms/cm3 or lower. The at least one do-
pant element may have a solubility in the nanostructure
material of 1019 atoms/cm3 or higher, preferably a solu-
bility of 1020 atoms/cm3 or higher and most preferably a
solubility of 1021 atoms/cm3 or higher.
�[0031] According to embodiments of the invention, the
elongated nanostructure may be formed of a nanostruc-
ture material and providing the catalyst particle may be
such that the catalyst compound comprises at least one
element native to the nanostructure material.
�[0032] According to embodiments of the invention, the
method may furthermore comprise changing or varying
a growth rate of the elongated nanostructure during
growth. The higher the growth rate, the higher the con-
centration of the at least one dopant element in the na-
nostructure, e.g. nanowire, may be. Therefore, a combi-
nation of choice of the at least one dopant element and
growth rate may define the dopant concentration and,
where desired, a combination of choice of the at least
one dopant element and variation of the growth rate dur-
ing growth may define a dopant profile along the length
of the elongated nanostructure, e.g. nanowire. Varying
or changing the growth rate, i.e. decreasing or increasing
the growth rate during growth, may be performed by
changing growth parameters of the growth process, such
as temperature and/or gas flow.
�[0033] Preferably, the at least one elongated nanos-
tructure may be a nanowire, most preferably a semicon-
ductor nanowire. The semiconductor nanowire may com-
prise at least one of a group IV element or a binary com-
pound thereof, a group III element or group V element or
binary, tertiary or quaternary compounds thereof, a group
II element or a group VI element or binary, tertiary and
quaternary compounds thereof. Most preferably, the
semiconductor nanowire may comprise one of Si, Ge or
SiGe.
�[0034] The present invention furthermore provides a
doped elongated nanostructure formed by the method
according to embodiments of the invention. The doped
elongated nanostructure may have a length and may
show a dopant concentration profile or a variation in do-
pant concentration along its length.
�[0035] Furthermore, the present invention provides a
device comprising at least one doped elongated nanos-

tructure formed by the method according to embodiments
of the invention. The device may, for example, be a sem-
iconductor device, a sensor, a micro-�electro-�mechanical
system (MEMS),
�[0036] The at least one doped elongated nanostruc-
ture in the device may have a length and may show a
dopant concentration profile or a variation of dopant con-
centration along its length.
�[0037] Particular and preferred aspects of the inven-
tion are set out in the accompanying independent and
dependent claims. Features from the dependent claims
may be combined with features of the independent claims
and with features of other dependent claims as appro-
priate and not merely as explicitly set out in the claims.
�[0038] Although there has been constant improve-
ment, change and evolution of devices in this field, the
present concepts are believed to represent substantial
new and novel improvements, including departures from
prior practices, resulting in the provision of more efficient,
stable and reliable devices of this nature.
�[0039] The above and other characteristics, features
and advantages of the present invention will become ap-
parent from the following detailed description, taken in
conjunction with the accompanying drawings, which il-
lustrate, by way of example, the principles of the inven-
tion. This description is given for the sake of example
only, without limiting the scope of the invention. The ref-
erence figures quoted below refer to the attached draw-
ings.

Brief description of the drawings

�[0040]

Figure 1A and Figure 1B schematically illustrate the
growth of a silicon single crystal using the Vapor Liq-
uid Solid (VLS) mechanism according to the prior art.
Figure 2 illustrates catalysed nanowire growth based
on the VLS technique for forming monocrystalline
silicon nanowires.
Figure 3 illustrates possible donor (n- �type) and ac-
ceptor (p-�type) dopant elements which are suitable
for incorporation in silicon semiconductor nanowires
from electronic point of view.
Figure 4 illustrates solid solubility of impurity ele-
ments in silicon.
Figure 5A to Figure 5C schematically illustrate dif-
ferent processing steps in a method according to em-
bodiments of the invention.
Figure 6 illustrates segregation coefficients versus
growth rate for different dopant elements and cata-
lyst compounds in bulk crystalline silicon.

�[0041] In the different figures, the same reference
signs refer to the same or analogous elements.

5 6 



EP 1 936 666 A1

5

5

10

15

20

25

30

35

40

45

50

55

Description of illustrative embodiments

�[0042] Embodiments of the present invention will be
described with respect to particular embodiments and
with reference to certain drawings but the invention is not
limited thereto but only by the claims. The drawings de-
scribed are only schematic and are non-�limiting. In the
drawings, the size of some of the elements may be ex-
aggerated and not drawn to scale for illustrative purpos-
es. The dimensions and the relative dimensions do not
correspond to actual reductions to practice of the inven-
tion.
�[0043] Furthermore, the terms first and second and the
like in the description and in the claims, are used for dis-
tinguishing between similar elements and not necessarily
for describing a sequence, either temporally, spatially, in
ranking or in any other manner. It is to be understood
that the terms so used are interchangeable under appro-
priate circumstances and that the embodiments of the
invention described herein are capable of operation in
other sequences than described or illustrated herein.
�[0044] It is to be noticed that the term "comprising",
used in the claims, should not be interpreted as being
restricted to the means listed thereafter; it does not ex-
clude other elements or steps. It is thus to be interpreted
as specifying the presence of the stated features, inte-
gers, steps or components as referred to, but does not
preclude the presence or addition of one or more other
features, integers, steps or components, or groups there-
of.
�[0045] The following terms are provided solely to aid
in the understanding of the invention.
�[0046] The term "catalyst compound" used in the de-
scription and in the claims refers to a compound com-
prising at least one catalyst element for catalysing elon-
gated nanostructure growth without substantially or sig-
nificantly dissolving in material of the elongated nanos-
tructure.
�[0047] The terms "dopant" or "dopant element" used
in the description and in the claims refer to an element
for doping the elongated nanostructure during growth by
substantially completely dissolving in the material of the
elongated nanostructure.
�[0048] The term "nanostructure material" used in the
description and in the claims refers to material of which
the elongated nanostructures are made.
�[0049] Whenever reference is made hereinafter to a
particular dopant type, this is not intended to limit the
invention. It is to be understood that in the examples given
hereinbelow, materials and dopant types may be re-
placed by other suitable materials and dopant types, with-
out changing the invention.
�[0050] The invention will now be described by a de-
tailed description of several embodiments of the inven-
tion. It is clear that other embodiments of the invention
can be configured according to the knowledge of persons
skilled in the art without departing from the true spirit or
technical teaching of the invention, the invention being

limited only by the terms of the appended claims.
�[0051] In particular, embodiments of the invention will
be described with reference to elongated nanostructures.
According to the invention, with the term elongated na-
nostructures is meant any two- �dimensionally confined
pieces of solid material in the form of wires (nanowires),
tubes (nanotubes), rods (nanorods) and similar elongat-
ed substantially cylindrical or polygonal nanostructures
having a longitudinal axis. A cross-�dimension of the elon-
gated nanostructures preferably lies in the region of 1 to
500 nanometers. According to embodiments of the
present invention, organic elongated nanostructures,
such as e.g. carbon nanotubes (CNTs), or inorganic elon-
gated nanostructures, such as e.g. semiconducting na-
nowires (e.g. silicon nanowires) may be used.
�[0052] According to the invention, preferred examples
of elongated nanostructures are semiconducting na-
nowires, however, this is not intended to limit the inven-
tion, and is intended to encompass any example of an
elongated nanostructure, which may include nanorods,
nanowhiskers and other elongated nanostructures.
�[0053] The present invention will be described by
means of growth of elongated nanostructures using Va-
por-�Liquid- �Solid (VLS), also referred to as metal cata-
lysed nanostructure growth. The VLS technique as de-
scribed by Wagner et al. in ’Applied Physics Letters, Vol.
4, Nr. 5, March 1964, pp. 89-90’ is schematically illus-
trated in Figure 1A and 1B. A gold catalyst particle is
provided on a [111] silicon substrate 1 (see Figure 1A).
The gold particle is heated up to 950°C such that a small
liquid droplet 2 of Si-�Au alloy (catalyst nanoparticle) at-
tached to the substrate 1 is formed. The material to form
the nanostructure 4 from is provided in gaseous form,
indicated by the arrows with reference number 3. For
example, in case of silicon carbide nanostructures 4 to
be formed, a methane bearing gas and a silicon bearing
gas may be used for growing the nanostructure 4 in a
direction, indicated by reference number 5, substantially
perpendicular to a plane of the substrate 1 (see Figure
1 B). The resulting nanostructure 4 has the liquid droplet
2 (catalyst nanoparticle) on top.
�[0054] An example of VLS growth of silicon nanowires
4 using silane as a source gas is illustrated in Figure 2.
The VLS growth comprises mainly three steps (A-�C)
which are continuously repeated. To create, for example,
Si nanowires 4 as in the example given, a first VLS step
(A) is a chemical dissociation of the source gas, in the
example given silane SiH4, which is catalysed by the cat-
alyst nanoparticle 2. Next, the dissociated silane is trans-
ported towards the catalyst nanoparticle 2 (liquid). A sec-
ond step in VLS growth (B) is then eutectic alloy formation
between the dissociated silicon source (gas) and the cat-
alyst nanoparticle 2. In a third step (C) the silicon is pre-
cipitated such as to form a nanowire 4 (solid).
�[0055] It has to be understood that the use of VLS to
grow elongated nanostructures is not intended to limit
the invention in any way and that other suitable tech-
niques for growing elongated nanostructures may also
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be used in the method according to embodiments of the
invention, such as e.g. catalytic chemical vapour depo-
sition (CCVD), Vapor-�Solid-�Solid (VSS), floating reactant
method, ....
�[0056] At least some embodiments of the invention are
concerned with the problem of achieving low dopant lev-
els or dopant element concentrations in the elongated
nanostructures, i.e. dopant concentrations of lower than
1017 atoms/cm3. Methods available in prior art for pro-
viding dopant elements to elongated nanostructures,
such as directional implantation of at least one dopant
element after growth of the nanostructures or adding at
least one gas phase dopant element during growth of the
nanostructures, suffer from the problem of limited control
on dopant element concentration in the elongated na-
nostructure. Furthermore, using these prior art methods,
a uniform dopant distribution throughout the nanostruc-
ture as well as very low dopant element concentrations,
i.e. lower than 1017 atoms/cm3, in the nanostructure are
difficult to achieve.
�[0057] Therefore, the present invention provides a cat-
alyst particle comprising a catalyst compound for cata-
lysing growth of elongated nanostructures comprising
nanostructure material, without substantially dissolving
in the nanostructure material, and at least one dopant
element for doping the elongated nanostructures during
growth by substantially completely dissolving in the na-
nostructure material.
�[0058] The present invention also provides a method
for forming at least one doped elongated nanostructure
on a substrate using catalyst particles according to em-
bodiments of the invention. The method comprises first
providing at least one catalyst particle on the substrate,
the catalyst particle comprising a catalyst compound and
at least one dopant element, and subsequently growing
the at least one elongated nanostructure comprising na-
nostructure material from the at least one catalyst parti-
cle, hereby using the catalyst compound for growth of
the at least one elongated nanostructure without signifi-
cantly dissolving in the nanostructure material and the at
least one dopant element for doping the at least one elon-
gated nanostructure during growth by substantially com-
pletely dissolving in the nanostructure material.
�[0059] By use of catalyst particles and of the method
according to embodiments of the present invention elon-
gated nanostructures, e.g. nanowires, may be obtained
with a dopant concentration of lower than 1017 at-
oms/cm3. The solubility of the at least one dopant ele-
ment in the material of the nanostructure may depend on
the temperature. For elements with a lower solubility, i.e.
a solubility of 1018 atoms/cm3 or lower, in the material of
the elongated nanostructure the solubility may strongly
depend on the temperature. For elements with a higher
solubility, i.e. a solubility higher than 1018 atoms/cm3, in
the material of the elongated nanostructure the solubility
is less dependent on the temperature. This can be seen
from Figure 4 which shows solid solubility of different
elements as a function of temperature.

�[0060] Furthermore, the use of catalyst particles and
of the method according to embodiments of the present
invention makes it possible to control dopant concentra-
tion of the elongated nanostructure, e.g. nanowire,
throughout the elongated nanostructure, e.g. nanowire.
�[0061] Moreover, the use of catalyst particles and of
the method according to embodiments of the present in-
vention allows forming elongated nanostructures, e.g.
nanowires, having a dopant concentration profile or a
variation of dopant concentration along its length.
�[0062] The use of catalyst particles and the method
according to embodiments of the present invention may
lead to elongated nanostructures, e.g. nanowires, which
are uniformly doped and wherein the dopant element has
no influence on physical properties, such as e.g. diame-
ter, of the elongated nanostructure, e.g. nanowire.
�[0063] Doping of the elongated nanostructure may be
done by an n-�type or a p- �type dopant element, depending
on the application the elongated nanostructure will be
intended for. As an example, Figure 3 illustrates exam-
ples of possible donor (n-�type) and acceptor (p- �type) do-
pant elements which may be suitable for incorporation in
silicon semiconductor nanowires from electronic point of
view. Silicon has a bandgap of 1.12 eV. Figure 3 illus-
trates the bandgap shift in the silicon material caused by
the electrically activated impurities or dopants. Elements
leading to a bandgap difference smaller than 0.1 eV may
be suitable for use either as p- �type or n- �type dopant.
Form Figure 3 it can be seen that suitable n-�type dopants
for Si may, for example, be Li, Sb, P, As, Bi, Te, Ti, C or
Mg. Suitable p-�type dopants for Si may, for example, be
B, Al, Ga, In, TI.
�[0064] For illustration purposes, Figure 4 illustrates
solid solubility as a function of temperature for impurity
elements which can be taken into account for being used
as dopants in silicon. This figure originates from the hand-
book "VLSI technology" by S.M. Sze, 1983. Figure 4
shows the maximum concentrations of dopant elements
that can be achieved for silicon, for different dopant ele-
ments. To obtain high dopant concentration levels, for
example, a solubility of at least 1019 atoms/cm3 may be
required. To obtain dopant levels lower than 1019 at-
oms/cm3, dopant elements with a lower solubility may be
used. Hence, from Figure 4 a suitable dopant element
can be chosen to be used with the method according to
embodiments of the invention for obtaining an elongated
nanostructure with a required dopant level.
�[0065] According to embodiments of the present in-
vention, doping of an elongated nanostructure may be
performed during, for example, VLS growth using a cat-
alyst particle wherein the catalyst compound and the at
least one dopant element comprise different elements.
The catalyst compound is used to catalyse VLS growth
of the elongated nanostructure and the at least one do-
pant element, which may be a p-�type or an n- �type dopant
element, is used for doping the elongated nanostructure
during growth.
�[0066] During VLS growth of the elongated nanostruc-
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ture the at least one dopant element�(s) substantially com-
pletely dissolves in the material of the elongated nanos-
tructure. With "substantially completely dissolves" is
meant that more than 90% of the at least one dopant
element, preferably more than 95% of the at least one
dopant element and more preferably more than 99% of
the at least one dopant element is dissolved in the elon-
gated nanostructure obtained. Therefore, preferably the
at least one dopant element may have a high solubility
in the material of the elongated nanostructure. Most pref-
erably, the solubility of the at least one dopant element
may be in the order of a solubility of 1019 atoms/cm3 or
higher, preferably a solubility of 1020 atoms/cm3 or higher
and most preferably a solubility of 1021 atoms/cm3 or
higher.
�[0067] The catalyst compound does preferably not or
not significantly dissolve in the material the elongated
nanostructure is formed of. Therefore, the catalyst com-
pound may preferably have a solubility of 1018 atoms/cm3

or lower, more preferably a solubility of 1016 atoms/cm3

or lower, still more preferably a solubility of 1014 at-
oms/cm3 and most preferably a solubility of 1012 at-
oms/cm3 or lower.
�[0068] The catalyst compound may form the main
compound of the catalyst nanoparticle and may form be-
tween 90% and 95% of the catalyst particle. The at least
one dopant element may form the minor compound of
the catalyst particle and may form between 5% and 10%
of the catalyst particle. The ratio between the catalyst
compound and the at least one dopant element depends
on the solubility of the at least one dopant element and
on the required dopant element concentration in the re-
sulting elongated nanostructure.
�[0069] Figures 5A-�5C schematically illustrate different
processing steps in the method according to a preferred
embodiment using a catalyst particle 11 comprising a
catalyst compound and at least one dopant element and
whereby the at least one dopant element and the catalyst
compound comprise different elements. The method
starts with providing a substrate 10. Onto the substrate
10 catalyst particles 11 comprising a catalyst compound
and at least one dopant element are formed or deposited,
by any suitable method, as shown in Figure 5A. The cat-
alyst compound may comprise a material suitable to
(chemically) initiate and/or catalyse Vapor Liquid Solid
(VLS) growth of the elongated nanostructures. The at
least one dopant element may be a suitable p- �type or n-
type dopant element to dope the elongated nanostructure
during growth to make it suitable to be used in applica-
tions, e.g. in electronic devices. To obtain control on the
doping and the growth processes at the same time, pref-
erably the catalyst compound may be electrically neutral
in the nanostructure material or may have the same dop-
ing characteristics (donor (n- �type) or acceptor (p-�type))
as the at least one dopant element. This is because, al-
though according to embodiments of the present inven-
tion the catalyst compound does not significantly or not
substantially dissolve in the nanostructure material, in

some cases dissolvation of a few atoms of the catalyst
compound in the nanostructure material may not be pre-
vented. Nevertheless, this is not essential when the sol-
ubilities of the catalyst compound and the at least one
dopant element differ by at least one order of magnitude.
Therefore, according to most preferred embodiments of
the present invention, the catalyst compound may have
a much lower solubility in the material the nanostructure
is formed of than the at least one dopant element, the
solubility of the catalyst compound being at least one
order of magnitude lower than the solubility of the dopant
element in the nanostructure material. For example, suit-
able dopant elements/ �catalyst compound combinations
which can be used in a catalyst particle 11 according to
embodiments of the present invention may be Sb/Bi,
Ga/In, Al/In, P/In, ....
�[0070] In a next step, as shown in Figure 5B, a nanos-
tructure 12 is grown, e.g. using the VLS growth technique.
Figure 5B illustrates an intermediate step in the method
according to the present embodiment in which the elon-
gated nanostructure 12 is not yet fully grown. In Figure
5C a final, doped elongated nanostructure 12 is illustrat-
ed. In the final, doped elongated nanostructure 12 the at
least one dopant element is substantially completely dis-
solved into the elongated nanostructure 12 and the cat-
alyst compound is not dissolved or at least not signifi-
cantly dissolved in the elongated nanostructure 12. With
substantially completely dissolved is meant that more
than 90% of the at least one dopant element, preferably
more than 95% of the at least one dopant element and
more preferably more than 99% of the at least one dopant
element is dissolved in the elongated nanostructure 12
obtained. With not dissolved or at least not significantly
dissolved is meant that most of the catalyst compound
may, after growth of the elongated nanostructure 12 is
finished, be still present on top of the elongated nanos-
tructure as can be seen from Figure 5C.
�[0071] According to the present embodiment, the do-
pant concentration level of the elongated nanostructure
12 may be determined by the initial amount or concen-
tration of the at least one dopant element in the catalyst
particle 11. Furthermore, the dopant concentration level
of the elongated nanostructure 12 may also depend on
the solubility of the at least one dopant elements and, in
some cases, on the temperature, as was already dis-
cussed above.
�[0072] The length L of the elongated nanostructure 12
obtained after growth may depend on the growth rate
and on the growth time. The length L of the elongated
nanostructure may depend on the type of nanostructure
12 and on the application the nanostructure 12 is to be
used for. Preferably the length L may be between 100
nm and 20 Pm.
�[0073] The method according to embodiments of the
invention may ensure a continuous growth of the nanos-
tructure 12 with a constant diameter. This is because of
the substantially non- �solubility of the main catalyst com-
pound in the catalyst particle 11. The diameter of the
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elongated nanostructure 12 formed depends on and is
controlled by the size of the catalyst particle 11. If the
catalyst particle 11 would dissolve in the nanostructure
12 during growth, its size would consequently decrease
and thus the diameter of the elongated nanostructure 12
formed would not be constant as it will decrease during
growth. However, according to embodiments of the
present invention, the size of the catalyst nanoparticle
11 is determined by the main catalyst compound and,
because the catalyst compound does not dissolve at all,
or does not significantly dissolve in the nanostructure ma-
terial during growth, the size of the catalyst nanoparticle
may stay substantially the same during growth of the na-
nostructure. Therefore, elongated nanostructures 12
with a substantially constant diameter may be obtained
by the method according to embodiments of the inven-
tion.
�[0074] The catalyst compound and the at least one do-
pant element of the catalyst nanoparticle 11 and the na-
nostructure material used to grow the nanostructure 12
may preferably have a low eutectic temperature of 600°C
or lower. The eutectic temperature is the lowest temper-
ature at which the catalyst particle comprising the catalyst
compound and the at least one dopant element, once
alloyed with the nanostructure material, e.g. silicon, can
exist in a liquid form. Often the eutectic temperature is
much lower than the melting temperature of the single
elements, i.e. the at least one element of main catalyst
compound and the nanostructure material, e.g. silicon.
�[0075] According to preferred embodiments of the in-
vention, the elongated nanostructure 12 may be a na-
nowire, preferably a semiconductor nanowire. According
to embodiments of the invention, the semiconductor na-
nowire 12 may comprise a semiconductor material com-
prising at least one of group IV elements (such as Si, Ge)
or a binary compound thereof (such as SiGe), a group
III element (such as B, Al, Ga, In, TI) or group V element
(such as N, P, As, Sb) and binary, tertiary or quaternary
compounds thereof, a group 11 element (such as Cd,
Zn) or a group VI element (such as O, S, Se, Te) and
binary, tertiary and quaternary compounds thereof.
�[0076] According to most preferred embodiments, the
semiconductor nanowire 12 may comprise a semicon-
ductor material comprising at least one of silicon (Si),
germanium (Ge) or silicon- �germanium (SiGe). According
to these preferred embodiments, to obtain a p-�type na-
nowire 12, the at least one dopant element may be a p-
type dopant element and may preferably comprise B, Al
and Ga. The catalyst compound may be a suitable ma-
terial to catalyse VLS growth such as e.g. In, TI, Au, Zn
and Bi.
�[0077] According to a preferred example, the catalyst
particle 11 may comprise an In- �Ga alloy. These In-�Ga
alloys have been identified as good catalyst particles 11
for use with embodiments of the present invention for
growing p-�type doped nanostructures 12, such as e.g. Si
nanowires, using the VLS growth technique. In these al-
loys, indium (In) may form the catalyst compound for cat-

alysing the nanostructure growth. In is characterized as
a thermodynamically favorable catalyst for VLS growth
with a low Si/In eutectic temperature of 157°C and having
a low solubility in Si of approximately 2x1018 atoms/cm3.
Gallium (Ga) may form the dopant element and has a
one order of magnitude higher solubility in Si than In, i.e.
it has a solubility of approximately 2x1019 atoms/cm3.
�[0078] According to the preferred embodiments of the
invention according to which the nanostructure 12 may
be a Si, Ge or SiGe semiconductor nanowire, an n-�type
nanowire 12 may be obtained by at least one dopant
element comprising Li, Sb, P and As and the catalyst
compound may be a suitable material to catalyse VLS
growth such as In, TI, Au, Zn and Bi.
�[0079] For example, Bi- �Sb alloys are identified as good
catalyst nanoparticles 11 for growing n-�type doped elon-
gated nanostructures 12 such as e.g. Si nanowires, using
the VLS growth technique. In these alloys bismuth (Bi)
may form the catalyst compound and is characterized as
a thermodynamically favorable catalyst for VLS growth
with a low Si/Bi eutectic temperature of 271 °C and having
a low solubility in Si of approximately 4x1017 atoms/cm3.
Antimony (Sb) may form the dopant element and has a
two orders of magnitude higher solubility in Si than Bi,
i.e. it has a solubility in Si of approximately 4x1019 at/cm3.
�[0080] The above-�described examples of catalyst par-
ticle compositions in case of Si may also be used to grow
Ge and SiGe nanowires 12 since the eutectic behavior
and solubilities are similar for these semiconductor ma-
terials.
�[0081] According to other embodiments, the elongated
nanostructure 12 may be a nanowire formed of group III
or group V materials or binary, tertiary or quaternary com-
pounds thereof. To obtain p- �type nanowires of these III
and/or group V materials the at least one dopant element
may comprise at Mg, Zn, Be, Sr, Ba or C and the catalyst
compound may comprise a suitable material to catalyse
VLS growth such as In, TI, Co, Ni and Au.
�[0082] To obtain an n-�type nanostructure 12 compris-
ing group III and/or group V materials the at least one
dopant element may comprise Si, Sn, Ge, S and Te and
the catalyst compound may be a suitable material to cat-
alyse VLS growth such as In, TI, Co, Ni and Au.
�[0083] For example, so-�called "soft gold" can be elec-
troplated to obtain Au catalyst particles 11 that comprise
sulphur (S) as an n- �type dopant element for doping the
nanostructures 12 during growth.
�[0084] According to still further embodiments, the elon-
gated nanostructure 12 may be a nanowire comprising
a material selected from group III and/or group V mate-
rials or comprising a material selected from group II
and/or group IV materials, and the catalyst compound
may be equal to the compound used to grow the nanos-
tructure 12. For example, In-�P alloys can be used as cat-
alyst particles 11 for growing p-�doped In nanowires 12,
in which In forms the catalyst compound and P forms the
p-�type dopant element.
�[0085] According to other embodiments, silicon-�metal
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alloys or silicides, germanium-�metal alloys or germa-
nides, carbon- �metal alloys or carbides, sulphur- �metal al-
loys or sulphides, selenium-�metal alloys or selenides or
tellurium- �metal alloys or tellurides may be used in the
catalyst particles 11 according to embodiments of the
invention as a source of Si, Ge, C, S, Se and Te dopants,
respectively, for the elongated nanostructures 12 during
growth.
�[0086] According to embodiments of the invention, the
catalyst particles 11 comprising a catalyst compound and
at least one dopant element as described above may be
provided to the substrate 10 by, for example, deposition
with electrochemical techniques.
�[0087] According to embodiments of the invention, the
catalyst particles 11 may have a diameter of between 1
and 100 nm.
�[0088] For many applications elongated nanostruc-
tures 12 may be required with dopants present only in
certain parts or in different concentration along e.g. a
length of the elongated nanostructure. Examples are
highly- �doped source-�drain areas at both ends of an elon-
gated nanostructure 12, e.g. nanowire, and an un-�doped
channel area in between the source- �drain areas for use
in semiconductor devices. Therefore, forming of nanos-
tructures 12 having a dopant concentration profile or a
variation of dopant concentration along e.g. a length of
the nanostructure 12 may be interesting.
�[0089] The method according to embodiments of the
invention, allows forming elongated nanostructures 12
having a dopant concentration profile or a variation in
dopant concentration along the length of the nanostruc-
ture 12. This may be obtained by changing or varying a
growth rate at which the elongated nanostructures 12 are
grown during the growth process. The higher the growth
rate, the higher the concentration of the dopant dissolved
in the material of the nanostructure 12 will be (see fur-
ther). The dopant concentration in the elongated nanos-
tructure 12 can thus be controlled by changing or varying
the growth rate of the nanostructure 12 or in other words
by tuning the growth conditions in a chamber in which
the nanostructures 12 are grown.
�[0090] As an example Figure 6 illustrates segregation
coefficients versus growth rate for different dopant ele-
ments (B, Ga, Al, P, As) and catalyst compounds (Bi, In)
in bulk crystalline silicon. The segregation coefficient can
be defined as the concentration of the compound in the
solid state (in Fig. 7 bulk silicon) divided by the concen-
tration of the compound in liquid state. The segregation
coefficient thus defines the solubility of a given element,
in the example given dopant elements B, Ga, Al, P and
As and catalyst compounds Bi and In, in a material, in
the example given bulk crystalline silicon. The values in
Fig. 6 are valid for growth of bulk silicon and are only
given to indicate that the segregation of these com-
pounds increases when the growth rate increases.
�[0091] According to embodiments of the present in-
vention, combination of the choice in the dopant element
used and control of the growth rate may define the dopant

concentration profile in the elongated nanostructure 12
obtained after growth. For example, the segregation co-
efficient of antimony (Sb), which may be used as a dopant
element according to embodiments of the invention, in
silicon is one of the graphs illustrated in Figure 6. Accord-
ing to this particular example, a catalyst particle 11 com-
prising Sb as dopant element may lead to a nanostructure
12 having a high Sb concentration of about 1020 at-
oms/cm3 for high nanowire growth rate, e.g. growth rates
between 10 and 16 mm/min and a lower Sb concentration
may be obtained for slower nanowire growth, e.g. at
growth rates of between 0 and 2 mm/min. For example,
to form Si nanowires 12 suitable for being used for form-
ing highly-�doped source and drain regions with a lowly-
doped channel in between, growth of the Si nanowire 12
using Sb as a dopant element may be performed at high
growth rates of between 10 and 16 mm/min at the start,
at low growth rates of between 0 and 2 mm/min for form-
ing the middle or channel part of the nanowire 12 and
again at high growth rates of between 10 and 16 mm/min
at the end. This illustrates how, during VLS growth, dop-
ing of the nanostructures 12 can be controlled by tuning,
changing or varying the growth rate. Tuning, changing
or varying the growth rate can be done by tuning growth
parameters such as temperature and/or gas flow of na-
nostructure material during the growth process.
�[0092] Hereinafter a simulation will be given for the cal-
culation of a required dopant concentration in an elon-
gated nanostructure 12 versus dopant concentration
needed in the catalyst particle 11 using catalyst leaching
to obtain such required dopant concentration.
�[0093] In a first step, calculation of the required con-
centration of dopant element in the catalyst particle 11
was performed. For example, in semiconductor devices
dopant concentration may typically range from 1012 at-
oms/cm3 up to 1017 atoms/cm3. An elongated nanostruc-
ture 12, e.g. nanowire, used in semiconductor applica-
tions may typically have a diameter of around 50 nm, or
a radius of 25 nm (25x10-7 cm), and a length of around
500 nm (5x10-5 cm), which results in a volume of the
elongated nanostructure 12, e.g. nanowire, in the order
of 10-15 cm3.
�[0094] To obtain dopant concentrations e.g. in the
range of 1015 atoms/cm3 up to 1017 atoms/cm3 only a
limited amount, i.e. between 1 and 100 atoms, of dopant
element are needed in the catalyst particle 11. Such low
dopant concentrations in the elongated nanostructure
12, e.g. nanowire, are impossible to achieve with prior
art techniques such as e.g. implantations.
�[0095] Hence, according to embodiments of the
present invention, elongated nanostructures 12 with do-
pant concentrations as high as the solubility of the at least
one dopant element can be obtained. For example, for
As and P as dopant elements a dopant concentration of
about 1021 atoms/cm3 can be obtained. Furthermore, the
catalyst particles 11 and the method according to em-
bodiments of the invention can also be used for forming
elongated nanostructure 12 with a dopant concentration
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of lower than 1017 atoms/cm3, for example with a dopant
concentration of between 1014 atoms/cm3 and 1016 at-
oms/cm3. The required dopant concentration in the elon-
gated nanostructures 12 formed depends on the intend-
ed application of the nanostructure 12 and, for example,
electronic devices to be formed. For example, for Si in
planar device technologies 1019 atoms/cm3 are consid-
ered high dopant levels whereas low dopant levels are
between 1014 atoms/cm3 and 1016 atoms/cm3.
�[0096] It has to be taken into account that the material
volume of the nanostructure 12 is limited. For a hypo-
thetical nanostructure 12 e.g. nanowire, with a diameter
of 50 nm and a height of 100 nm, a high dopant concen-
tration of 1019 atoms/cm3 may require 2.103 atoms/�wire
whereas a low dopant concentration of 1016 atoms/cm3

may require only 2 atoms/�wire.
�[0097] It is to be understood that although preferred
embodiments, specific constructions and configurations,
as well as materials, have been discussed herein for de-
vices according to the present invention, various changes
or modifications in form and detail may be made without
departing from the scope and spirit of this invention.

Claims

1. A catalyst particle (11) comprising:�

- a catalyst compound for catalysing growth of
an elongated nanostructure (12) comprising a
nanostructure material, without substantially
dissolving in the nanostructure material, and
- at least one dopant element for doping the elon-
gated nanostructure (12) during growth by sub-
stantially completely dissolving in the nanostruc-
ture material.

2. A catalyst particle (11) according to claim 1, the cat-
alyst compound comprising at least one catalyst el-
ement, wherein the catalyst compound and the do-
pant element comprise different elements.

3. A catalyst particle (11) according to claim 1 or 2,
wherein the catalyst particle (11) comprises more
than one dopant element.

4. A catalyst particle (11) according to any of the pre-
vious claims, wherein the catalyst compound has a
solubility in the nanostructure material of 1018 at-
oms/cm3 or lower.

5. A catalyst particle (11) according to any of the pre-
vious claims, wherein the dopant element has a sol-
ubility in the nanostructure material of at least 1019

atoms/cm3.

6. A catalyst particle (11) according to any of the pre-
vious claims, wherein the catalyst compound com-

prises at least one catalyst element selected from
In, TI, Au, Zn, Te, Bi, Al, Ga, Co or Ni.

7. A catalyst particle (11) according to any of the pre-
vious claims, wherein the at least one dopant ele-
ment is a p-�type dopant element.

8. A catalyst particle (11) according to claim 7, wherein
the at least one p-�type dopant element comprises
one of B, Al, Ga, Mg, Zn, Be, Sr, Ba or C.

9. A catalyst particle (11) according to any of claims 1
to 6, wherein the at least one dopant element is an
n-�type dopant element.

10. A catalyst particle (11) according to claim 9, wherein
the at least one n-�type dopant element comprises
one of Li, Sb, P, As, Si, Ge, S, Sn or Te.

11. Use of the catalyst particle (11) according to any of
claims 1 to 10 in a growth process of doped elongat-
ed nanostructures (12).

12. Use of the catalyst particle (11) according to any of
claims 1 to 10 in manufacturing of devices compris-
ing doped elongated nanostructures (12).

13. Method for forming at least one doped elongated na-
nostructure (12) on a substrate (10), the method
comprising: �

- providing at least one catalyst particle (11) on
the substrate (10), the catalyst particle (11) com-
prising a catalyst compound and at least one
dopant element, and
- growing the at least one elongated nanostruc-
ture (12) comprising a nanostructure material
from the at least one catalyst particle (11), here-
by using the catalyst compound for catalysing
growth of the at least one elongated nanostruc-
ture (12) without substantially dissolving in the
nanostructure material, and the at least one do-
pant element for doping the at least one elon-
gated nanostructure (12) during growth by sub-
stantially completely dissolving in the nanostruc-
ture material.

14. Method according to claim 13, the elongated nanos-
tructure (12) being formed of a nanostructure mate-
rial, wherein providing the catalyst particle (11) is
performed such that the catalyst compound has a
solubility in the nanostructure material of 1018 at-
oms/cm3 or lower.

15. Method according to claim 13 or 14, the elongated
nanostructure (12) being formed of a nanostructure
material, wherein providing the catalyst particle (11)
is performed such that the dopant element has a
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solubility in the nanostructure material of at least 1019

atoms/cm3.

16. Method according to any of claims 13 to 15, the elon-
gated nanostructure (12) being formed of a nanos-
tructure material, wherein providing the catalyst par-
ticle (11) is such that the catalyst compound com-
prises at least one element native to the nanostruc-
ture material.

17. Method according to any of claims 13 to 16, growing
the at least one elongated nanostructure (12) being
performed at a growth rate, wherein the method fur-
thermore comprises changing the growth rate of the
elongated nanostructure (12) during growth.

18. Method according to any of claims 13 to 17, wherein
the at least one elongated nanostructure (12) is a
nanowire.

19. Method according to claim 18, wherein the nanowire
is a semiconductor nanowire.

20. Method according to claim 19, wherein the semicon-
ductor nanowire comprises at least one of a group
IV element or a binary compound thereof, a group
III element or group V element and binary, tertiary
or quaternary compounds thereof, a group II element
or a group VI element and binary, tertiary and qua-
ternary compounds thereof.

21. Method according to claim 20, wherein the semicon-
ductor nanowire comprises one of Si, Ge or SiGe.

22. A doped elongated nanostructure (12) formed by the
method according to any of claims 13 to 21.

23. A doped elongated nanostructure (12) according to
claim 22, the doped elongated nanostructure (12)
having a length, wherein the doped elongated na-
nostructure (12) shows a variation of dopant concen-
tration along its length.

24. A device comprising at least one doped elongated
nanostructure (12) formed by the method according
to any of claims 13 to 21.

25. A device according to claim 24, the at least one
doped elongated nanostructure (12) having a length,
wherein the at least one doped elongated nanostruc-
ture (12) shows a variation of dopant concentration
along its length.
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